The effects of hydrogen gas excited in a radiofrequency discharge on oxygen-free solutions of thymine have been followed chemically. Two main reaction products have been identified: 5,6-dihydrothymine and 5,6-thymine glycol. The latter product was found to be the only significant species if discharge-excited argon was pumped through the solutions instead of hydrogen. Although dihydrothymine c1early is the reaction product of atomic hydrogen generated in the hydrogen discharge, the glycol requires the formation of OH radicals in the solution. A mechanism is proposed by which this species is produced through (super)excitation and decay of water molecules by energy transfer from the excited gas.
Introduction
Since it has become evident that hydrogen atoms (H radicals) are responsible for a considerable amount of radiation damage to biological objects (see Dertinger and Jung 1970) , numerous experiments have been performed to study se1ective1y the action of atomic hydrogen on biomolecules. The experimental information about H radical attack comes from E.S.R. studies in the dry state (Herak and Gordy 1965, Holroyd and Glass 1969) , from biological inactivation experiments in the dry state (Jung and Kürzingel' 1968) , and in aqueous solutions (Mee, Navon and Stein 1965 , Dewey and Stein 1968 , Jung, Hagen, Ullrich and Petersen 1969 . The hydrogen discharge was applied in most of these experiments as an efficient source of H radicals. However, in spite of this widespread application of the discharge, there is a lack of experiments involving a more rigorous analysis of the products that are actually formed when pumping discharge-excited hydrogen gas through aqueous solutions of biomolecules. The present study therefore aimed at elucidating the effects and mechanisms that cause inactivation. Thymine was chosen as the test molecule, since it represents a compound of great biological interest and has been well examined as a preferential site of radical attack in deoxyribonuc1eic acid.
Materials amI methods

The gas dücharge apparatus
The gas to be excited was allowed to pass through a pressure-reducing valve and a needle valve into the evacuated quartz discharge tube, from where it was pumped through the reaction vessel containing the cooled solution (5°c). A trap cooled in liquid air was inserted between the needle valve and the discharge tube to freeze out traces of water vapour and other impurities that might be present.
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The discharge was maintained by a 40 MHz-generator (30 Watts) coupled to the discharge tube by external electrodes. Precautions were taken to prevent u.v.-light generated in the discharge from reaching the solution: a high operating pressure of 50 Torr, as weIl as the insertion of a 10 cm-long bent tube between discharge and reaction vesse1. The gas bubbled into the solution through perforations (0·1 mm in diameter) at the end of the tube. An attempt to detect free radicals with E.S.R. after exposure of dry thymine to dischargeexcited argon under these experimental conditions gave negative results, whereas direct u.v.-irradiation was found to be very effective in producing thymine radicals. Thus, the contribution of u.v.-light to the results of this investigation can be neglected. The gas stream was adjusted to approximately 6001./min. Hydrogen and argon used in these experiments were of high purity. To remove dissolved oxygen, the solutions were bubbled with hydrogen and argon, respectively, for aperiod of 5 min before ignition of the discharge.
Separation and identijication 0/ the reaction products
Chromatographically pure 2-l4 C-thymine (23·9 ftCi/mg) was used, and the reaction products were separated and determined by thin-layer radiochromatography, using a Berthold thin-layer scanner. For this purpose, 5 m1. sampies were taken from the exposed 10-3 M thymine solutions (pH "-' 6· 5) and concentrated 10 times at 30°c under reduced pressure; 10ft1. ("-'0·3ftCi) were then chromatographed, using precoated plates of silica gel F 254 , cellulose F (Merck) or chromatography paper Whatman No. 1. The following eluents were applied (composition in v : v):
A: n-butanol/water (86 : 14); B: n-propanol/water (10 : 3); C: ethylacetate/water/formic acid (60 : 35 : 5); D: n-butanol/methanol/water/NH 4 0H 28 per cent (60 : 20: 20 : 1) Only solvent A was used for paper chromatography (PC), whereas for thin-layer separation assays on CTL (cellulose thin layer) and GTL (silica gel thin layer), the other eluents were also applied. The best separation could be obtained with CTL and solvent C. The relative quantity of the reaction products was determined by graphie integration of the chromatographie l4C-peaks. The reproducibility of the whole method was better than ± 15 per cent.
The reaction products were tested with respect to saturation of the 5,6-double bond of thymine (T), either direct1y on the plates or after enrichment; ex-diol groupings (T(OHh) were identified by the characteristic reaction with metaperiodate and subsequent detection with benzidine (Cifonelli and Smith 1954) . In addition, use was made of the blue colouring after the reaction of T(OHh with p-dimethylaminobenzaldehyde (p-DAB) subsequent to alkaline treatment (Teoule and Cadet 1970) ; with dihydrothymine (TH 2 ) p-DAB gives a yellow colour under the same conditions (Fink, Cline, McGaughey and Fink 1956 ).
Detection %xidizing and reducing spedes
10-2 M solutions of KI were used for the identification of OH radicaIs. The oxidation to iodine was followed by measuring photometrically at 565 nm the blue starch-gel colouring against calibrated iodine solutions. By an analogous procedure, hydrogen peroxide generated in doubly-distilled water could be determined quantitatively simply by adding KI and starch gel after exposure and measuring the colouring against calibrated H 2 0 2 solutions.
Reducing species, such as electrons and H radicals, were determined by the reduction of K a [Fe(CN)6] in 10-2 lVI solutions. The [Fe(CN)6]4-ions generated in this way give with FeCl a the Berlin-blue colouring, which was measured against calibrated solutions by its absorption at 740 nm.
3. Results Figure 1 shows the kinetics of thymine destruction as measured by the loss of optical absorption at 264·5 nm.
It is obvious that with discharge-excited argon an effect is also obtained which is comparable in magnitude with that of the hydrogen discharge. Furthermore, it can be seen that the inactivation by hydrogen does not follow a linear dependence throughout the exposure time applied in this experiment. This may indicate that a strong reverse process is acting in the case of hydrogen. Taken as a whole, figure 1 shows that the 5,6-double bond of thymine, responsible for the absorption at 264· 5 nm, is affected in both cases.
ime of exposure (min) - Figure 1 . Decrease of absorbance at 264·5 nm of a 10-3 M thymine solution exposed to hydrogen or argon from the gas discharge. Figure 2 shows the CTL-radiochromatogramms of thymine solutions after exposure to hydrogen and argon. In figure 3 the product formation is plotted as a function of exposure time. As can be seen, II and IV are the main decomposition products with discharge-excited hydrogen, whereas in the case of argon most of the thymine is converted into product II. Peaks I and III, usually being very small, were not subsequently subjected to further analysis. Compound II and IV do not absorb in the u.v.-region and have to be considered as being 5,6-saturation products of thymine. In fact, product IV has the same running properties in a variety of eluents as the commercially-available COlUpound 5,6-dihydrothymine (table 1) and shows yellow colouring upon reaction with p-DAB after alkaline treatment. The appearance of 5,6-dihydrothymine (TH 2 ) among the reaction products of thymine is, of course, not surprising, since it is formed by the saturation of the 5,6-double bond with two H radicals produced in the hydrogen discharge. Chromato Eluent  IV  TH 2  graphy   PC  C  0·61  0·61  CTL  B  0·65  0·66  CTL  C  0·72  0·72  GTL  D  0·79  0·80 363 Table 1 . Rf-values of produet IV and 5,6-dihydrothymine (TH 2 ) in different chromatographie systems. For abbreviations see Methods.
Compound II gives a positive reaction with metaperiodate as weIl as with p-DAB, indicating the presence of an (X-diol configuration. Furthermore, the running properties of this substance in different eluents are in dose agreement with that of ds-thymine glycol, synthetized according to the method of Baudisch and Davidson (1925) . This is shown in table 2. Thus the compound cis-5,6-dihydroxythymine (thymine glycol, T(OHh) is compatible with the results of the analysis of product 11. 1t should be mentioned that peak II is usuaIly found to be asymmetrical (figure 2). 1t is assumed that partial conversion of the cis-form into the trans-form, resulting in a change of the running properties, is responsible for this effect (Teoule and Cadet 1970) . Clearly the formation of compound II requires the attack of OH radicals. We therefore attempted directly to identify this species through its oxidizing properties. The oxidation of K1 with subsequent identification of iodine (see Methods) was chosen as test reaction. To be sure that no H radicals interfere with this reaction, this experiment was performed with the argon discharge. Figure 4 (a) shows that there is a linear increase in iodine concentration with exposure time. 1t should be mentioned that in the presence of 1-ions the iodine occurs as 1 3 -, However, in spite of this 'stabilization', part of the iodine unavoidably sublimes out of the solution at 50 Torr. Thus the yield of OHo measured by this method is probably smaIler than the actual value.
As another independent proof of OH radical formation, the production of hydrogen peroxide resulting from combination of two OH radicals was measured. For this purpose, doubly-distilled water was bubbled with discharge-excited 
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hydrogen or argon and sampies taken at various time-intervals. It is evident from figure 4 (b) that Kr added to the sampies is oxidized to iodine (see lVIethods) due to the formation of H 2 0 2 • The presence of OH radicals may explain the observed non-linearity in the kinetic curve for the hydrogen discharge (figure 1). Since dihydrothymine has been shown to be a major product in this case, abstraction of H atoms from this compound by OH radicals may occur (lVIyers and Theard 1970), leading to a partial reversion to thymine at higher exposure times. Time of exposure (min) - Figure 4 . (a) Oxidation of 10-2 M Kr solutions by OH radicals generated during the exposure to excited argon from the gas discharge. The free iodine was measured by the blue starch-gel colouring (see Methods). (b) Hydrogen peroxide formation in doubly-distilled water exposed to hydrogen and argon from the gas discharge as determined by oxidation of Kr (see Methods).
Finally, an experiment was carried out to examine whether reducing species are generated in solutions bubbled with discharge-excited gases. This experiment was performed with argon, since in the case of hydrogen the reducing properties of the H radicals generated in the discharge are dominant, so that no statement can be made concerning the generation of reducing species (e1ectrons or H radicals) in the solution. The reduction of K 3 [Fe(CN)6] solutions with subsequent Berlin-blue test (see lVIethods) was taken as indication for reducing properties of the solution during exposure. The results presented in figure 5 in fact confirm the presence of reducing species in solutions bubbled with excited argon. 
Discussion
The main result of this investigation is the fact that OH radicals are generated, if discharge-excited gases like hydrogen and argon are pumped through aqueous solutions. It has been shown that, in the case of argon, practically the total damage to thymine is due to OHo attack, whereas with the hydrogen discharge additional damage arises from the H radicals generated directly in the discharge. The first question to be discussed refers to the mechanism by which these OH radicals are generated. Electrical discharges through gases produce large amounts of excited atoms and molecules as well as molecular fragments such as HO in the case of hydrogen. Among these species, those excited to long-lived states may reach the reaction vesse1 and transfer their excitation energy primarily to the water molecules. Since argon and hydrogen have ionization potentials of 15·68 and 15·6 eV, the long-lived states lie be10w these values, some of them, however, even above the ionization potential of water (12·56 eV). The most probable consequence of transferring excitation energy to water is excitation and even superexcitation of the water molecules. In a simple scheme, the excited water~H 2 0*) is expected to undergo pre-ionization or dissociation:
In the case of pre-ionization (1), H 2 0+ may decay according to:
This means that OH radicals finally occur in both cases. The ratio of the probabilities for dissociation and pre-ionization, which are competitive processes, depends on the amount of energy transferred to the H 2 0 molecule as may be seen from the excitation spectrum of water published by Platzman (1967) . As no precise statements can be made in the present investigation concerning the energy states of the excited gases involved in the energy transfer, the ratio of OHO formation by dissociation and pre-ionization cannot be determined. Since in the case of discharge-excited argon, only negligible amounts of dihydrothymine are formed (figure 2, peak IV), it may tentatively be conc1uded that pre-ionization is the predominant OH-producing process in this case. However, it must not be overlooked that low-energy e1ectrons are liberated in the process of pre-ionization, part of which might react with the dissolved thymine. The fact that a corresponding thymine reaction product could not be identified by the procedures applied does not exc1ude an e1ectron reaction. There is evidence that such a product (e.g. a 5-or 6-hydroxydihydrothymine T(HOH)) may be eliminated by some kind of ' reconstruction reaction ' (Garrison 1968) . If it is assumed that the electron attacks the thymine 5,6-double bond, as do the radicals HO and OHo, then the following reaction proceeds:
Since by an analoguous OHo attack the radical TOHo is also formed, THo and TOHo may react giving:
Upon water elimination, T(HOH) reverts to T (Garrison 1968) so that apparently the e-attack does not necessarily yield a stable reaction product of thymine. That reducing species are in fact present, even in experiments with the argon discharge, is convincingly demonstrated by figure 5. However, it is not c1ear whether e-or H radicals are responsible for the observed reduction. It should be mentioned in this context that Czapski, Jortner and Stein (1959) found an oxidizing action of discharge-produced atomic hydrogen, which they ascribed to the species H 2 + formed by the reaction of HO with H+. However, the results obtained in the present investigation rule out this mechanism as being responsible for the observed oxidizing effects; c1early the H 2 0 2 production as well as the fact that also with the argon discharge oxidation is obtained, is not compatible with the H 2 + radical.
Summing up the facts, the present study has shown that energy transfer from discharge-excited gases to water with subsequent dissociation or preionization may result in the production of OHo, HO and e-. Therefore the hydrogen discharge cannot be regarded as being a suitable source of atomic hydrogen if applied to aqueous systems unless special precautions are taken. The mechanism derived from these results needs, of course, further confirmation by studies comprising other test systems and other methods as weIl. Investigations of this kind are in progress in this laboratory.
